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 Silicon Photonics:  
 photonic systems which use silicon as an optical medium, 
with standard silicon processing techniques 
 Why Silicon Photonics? 
 Well-established CMOS fabrication techniques 
 Monolithic integration of electronics and photonics 
 Transparent in telecom range 
 High index  ultracompact device footprint 
 Passive and active functionalities  
Carleton University 
Silicon photonics 
University of Malaga, presention by Prof. Winnie Ye      September 9, 2014       7 
 Long list of applications 
IBM IBM switch 
Intel 
Communication 
Interconnects 
Bio and Chemical Sensing 
Imaging Renewable Energy; solar cells Aviation Applications 
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 Passive Devices 
 Waveguides 
Waveguide based devices 
 Actives Devices   
 Modulators 
 Sources 
 Photodetectors and Solar Cells 
  Integrated system (hybrid or monolithic) 
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 Submicron/Nano-waveguides:  
 E-beam, DUV lithography 
 Nano wires (strip waveguides), slotted 
waveguides, photonic crystal waveguides 
 Propagation loss < 1.8dB/cm for W=480nm 
   
 
 
 
 Local Oxidation of Silicon – LOCOS 
 Demonstrated submicron waveguides 
 Measured propagation loss <1 dB/cm  
 
 
 
Carleton Univ.: Rowe et al., Elect. Lett. 43 (2007) 
Koos et al., Nature Photonics 3, 2009 
NTT: Yamada, Koji. Silicon Photonics II. 
Springer, 2011. 1-29 
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 Grating couplers 
 
 
 
 
 Directional Couplers 
 
Univ Malaga/NRC: R. Halir et al., Op. Ex., 20(12) 2012. 
Univ Malaga/NRC: R. Halir et al., Opt. Lett., 34(9), 2009. 
Λ 
Ws 
G 
 MMIs 
 
 
 
 
 Univ Malaga/NRC: A. Ortega‐Moñux et. al, Laser & Photon. Rev., 7(2), 2013. 
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 Microring sensor:  
 
 
 
 Ghent University: K. DeVos, Opt. Exp., 15 (2007). Univ Malaga/Universite Paris-Sud/NRC: R. Halir et al., IEEE Photon. J., 5(4) 2013. 
 MZI sensor: 
 
 
 
 
 
 Polarization Splitters and Controllers  
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 Si has no intrinsic EO-effect 
 Mechanisms:  
 Thermo-optic effect: dn/dT=1.8x10-4 /K 
 Plasma dispersion effect: 
 Free carrier concentration  absorption and index 
modulation 
 
 Electro-absorption effect: 
 Electric field causes change in absorption of material by 
changing band structure: eg, strain in Ge, quantum 
confinement 
[Soref, IEEE JQE 23 (1987)] 
Slow (speed limit: 20MHz) 
Example: for ΔP=1018cm-3 
Δn = 2.1x10-3 at λ=1.55μm  
Carleton University 
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1994   6.5µm SOI rib waveguide. 
 
 
2000 5.5µm SOI rib waveguide. 
2004 1.38µm SOI rib waveguide. 
2005 0.55µm SOI rib waveguide. 
2009 0.2µm SOI rib waveguide. 
Carrier accumulation  Carrier injection  Carrier depletion 
 Univ Southampton: G. T. Reed et al. Nature Photonics, 4, 2010.  
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 Ring modulator 
 Carrier injection: p-i-n junction 
 Index electrically modulated 
 Speed 1.5Gb/s to 12.5Gb/s 
 
Cornell Univ.:Q. Xu et al, Nature 435 (19), 2005; 
 Q. Xu et al, Opt. Exp. 15 (2), 2007. 
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 Si: indirect band gap, transparent in telecom wavelength 
range 
 
 
 
 
 
 
http://web.mit.edu/newsoffice/2010/first-germanium-laser.html 
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 To overcome low radiative emission rate of Si 
 Quantum confinement 
 Si nanocrystals in a Si-rich oxide (SRO) 
 
 
 
 
 
 Intentional formed quantum structures 
 
 
G. Reed, Silicon Photonics, Wiley: England, 2008. 
• L. Pavesi et al, Nature, 408, 400, 2000. 
• Irrera et al, Physica E 16, 2003. 
• Walters et al., Nature Materials 4, 143 (2005) 
• Peralvarez et al, Nanotechnology, 20, 405201, 2009. 
Emission wavelength ~800-900nm 
100 nm 
Brown Univ.: Cloutier et al, Nature Materials, 4, 2005. 
Emission wavelength ~1278nm 
 
 Er doped Si nanocrystal 
Trento: Daldosso et al, J. Sel. Top. Quantum. Electron., 12, 6, 2006. 
Emission wavelength ~1535nm 
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UCLA: Boyraz et al, Opt. Exp. 12, 5269, 2004. 
Intel: Rong et al, Nature, 433, 292, 2005; 
 Rong et al, Nature Photonics, 2, 170, 2008. 
Emission wavelengths: 1670nm, 1686 nm and 1848 nm 
MIT: Liu et al, Opt. Lett. 35, 5, 2010. 
Emission wavelengths: 1593nm, 1599nm 
Univ College London (UCL): Quantum dot laser grown on 
silicon substrate, Nature Photonics, 5, 416, 2011. 
Quantum dot laser grown on silicon substrate at 1330nm 
 Ge-on-Si  
 Lasing using an edge emitting waveguide device 
 
 
 
 
 
 
 
 Integration with III-V 
 
 Raman effect – using stimulated Raman scattering 
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 Convert photon energy into electrical energy 
 Photodiodes: photoelectric effect 
 Solar cells: photovoltaic effect   
 Absorption spectra 
Si 
Ge 
InP GaInAsP InGaAs 
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 Silicon platform (for 1.3-1.6mm): 
 Ge on Si 
 Two-step growth process (low T buffer + high T absorbing layer) 
 
 
 
 III-V semiconductor bonded on Si 
 
Ghent Univ. 
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 Low-loss amorphous Silicon 
Carleton Univ.: Rowe et al., Elect. Lett. 43 (2007) 
 Nanofabrication technique: 
 Local Oxidation of Silicon – LOCOS 
Carleton: Xiong and Ye, Appl. Opt., 51 (29), 
2012. 
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SiO2 Si 
R=5mm 
Carleton: Xiong and Ye, Appl. Opt., 51 (29), 2012. 
1 mm 1 mm 
Local Oxidation of Silicon (LOCOS) 
 Fabrication of submicron/nanometer-sized waveguides 
with standard optical lithography: 
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 Athermal (i.e., temperature-insensitive) ring resonators 
using a polymer cladding  
MIT/Carleton Univ.: Raghunathan et al., Opt. Exp., 8, 2010. 
25C 
27C 
31C 
34C 
dl/dT= 67 pm/K  0.5pm/K 
 
25C 
30C 
35C 
40C 
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 Athermal subwavelength gratings (SWG) using SU-8 cladding 
NRC/Carleton: Schmid et al., Opt. Lett., 36, 
2011. 
SWG Bridged SWG 
NRC/Carleton: Ibrahim et al., Optics Exp., 2012  
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 Linear electro-optical effect, or Pockels effect: 
  Anisotropic stress: breaks Si’s centro-symmetric crystal 
structure 
 
 
 
 
 
 
 
 Enhanced χSi =250 pm/V vs χLiNbO3=360 pm/V 
(2) (2) 
Carleton University 
Silicon Devices – Polarization Rotator 
University of Malaga, presention by Prof. Winnie Ye      September 9, 2014       31 
SiO2 pad 
Asymmetrical cross-section 
induces polarization rotation. 
For the wavelength range of 1500 nm –1610 nm: 
Extinction ratio: better than -10 dB 
PRE>90% 
Physical length: 17-27 mm 
 Polarization rotator: based on mode evolution mechanism 
 
Carleton/NRC: Y. Xiong et. al, IEEE Photon. J., 6, 2014. 
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 Raman Optical Switch 
 
Carleton: Xiong and Ye, Appl. Opt., 51 (32), 2012. 
 Inverse Raman Scattering effect:  
 lc=1430nm controls transmission   
at la=1330nm:        
   ON  OFF 
 
lc 
lc la 
 Next generation Si-based switch fabric technologies for 
optical packet switching 
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Mode Division Multiplexing Filter using a multi-mode ring 
B. A. Dorin and W. N. Ye, Opt. 
Express, 22(4), pp. 4547–
4558, Feb. 2014. 
The (de)multiplexers using ADCs 
  channel numbers using a single laser source 
 crosstalk in the ring by using Bezier curves 
  fabrication tolerances with tapered 
asymmetric directional couplers (ADCs) 
 
TE00 
TE01 
TE00 
TE01 
TE00 
TE01 
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 Ag metal nanoparticles (MNPs) for efficiency 
enhancement for  
 thin-film a-Si cells 
 Bulk c-Si cells 
 
 Optimal parameters for enhancement vary with 
shape, size  and dielectric spacer layers 
 Ag nano-cubes => Jsc ~24% 
 Ag nano-hemispheres =>  Jsc ~17%  
 Ag nano-spheres=> Jsc ~25% 
R. Veenkamp and W. N. Ye, "Plasmonic metal nanocubes for broadband photocurrent 
enhancement in thin-film a-Si solar cells", J. Appl. Phys., 115, 124317 p.1-8, Apr 2014. 
Al 
Si 
SiO2 
Al 
Si 
SiO2 
80nm 
80nm 
80nm 
20% surface coverage of Ag nanocubes 
10% surface coverage of Ag nanocubes 
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Silver metallic nanoparticles 
1mm 
1um 
Ti P-Doped a:Si 
Intrinsic a:Si 
N-Doped aSi:H 
 Carleton University’s MircroFabrication Facility  
 Class 100 cleanroom 
 Solar cells 
Carleton: Ding and Hejazi et al., Photonics North 2012. 
Photonics West 2013. 
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Undergraduate Research Projects 
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 Multi-touch infared pad 
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 Solar Powered Autonomous Blind System 
Blind system which: 
 Accurately tracks the sun  
• Altitude angle  
• Sunrise/sunset 
 3 modes of operations  
• Automatic; Manual; Sweep 
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 Silicon photonic devices and individual building 
blocks are advancing 
 Efforts in seamless integration of electronics and 
photonics 
 Power budget 
 Packaging 
 Cost 
 Potential to impact wide range of applications: 
communications, biomedical, renewable energy etc. 
